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ABSTRACT 

Description of a procedure f o r  growing granular 

CdS s i n g l e  c r y s t a l s  by t h e  zone sublimation method. 

An X-Ray ana lys i s  of s t r u c t u r a l  defec ts  demonstrates 

t h e  supe r io r i ty  of t h e  c r y s t a l s  over those obtained 

by t h e  r e c r y s t a l l i z a t i o n  method. 

curves obtained f o r  t h e  c r y s t a l s  exh ib i t  a broad 

maximum, The depth of levels and t h e  concentration 

of capture  levels are determined. 

The pho tosens i t i v i ty  

The art icle (Ref. 1 )  has described a method f o r  preparing CdS /171* 

s i n g l e  crystals, as w e l l  as t h e i r  s t r u c t u r a l  and c e r t a i n  physical pro- 

p e r t i e s .  It has been determined t h a t  s i n g l e  c r y s t a l s ,  obtained by t h e  

r e c r y s t a l l i z a t i o n  method, show extreme des t ruc t ion  of t h e  la t t ice ,  and 

a l a r g e  d i s loca t ion  dens i ty  (% l o 6  cm-2). A t  t h e  same time, t h e i r  

e l ec t rophys ica l  p rope r t i e s  w e r e  a l i t t l e  b e t t e r ,  i n  t h e  sense of t h e  

* Note: Numbers i n  t h e  margin ind ica t e  pagination i n  t h e  o r i g i n a l  
fore ign  text. 



capacity t o  receive s p e c i a l  rad ia t ion ,  than t h e  p rope r t i e s  of 

s i n g l e  CdS c r y s t a l s  obtained by other methods. 

Progress i n  t h e  s c i e n t i f i c  study of semiconductors requi res  pre- 

para t ion  of c r y s t a l s  with d i f f e ren t  admixture concentration, disloca- 

t i o n  dens i ty ,  and d i f f e r e n t  degree of per fec t ion  of t h e  c r y s t a l  lattice. 

The r e s u l t s  of an investigation,concerned with l a r g e  s i n g l e  CdS c r y s t a l s  

obtained by t h e  method of zone sublimation, are given below. 

\ 

Method of Preparing Large Single Crys ta l s  of 
A2Bg Compounds 

I n  order t o  obta in  l a r g e  c rys t a l s  of various compounds of t h e  type 

A2Bg,  w e  have used t h e  method of zone sublimation. A necessary condi- 

t i o n  f o r  growing c r y s t a l s  by t h i s  method is a relative displacement of 

t he  container with t h e  working substance with respec t  t o  t h e  electric 

furnace. 

and a f ixed  container. 

c o n t r o l  REP-12u which enabled t h e  authors t o  change t h e  speed according 

t o  a given program. 

(quartz tube) i n  t h e  e l e c t r i c  furnace 1, and t h e  temperature d i s t r ibu -  

t i on .  

The temperature of t h e  furnace w a s  cont ro l led  during t h e  whole growing 

cyc le  by m e a n s  of a platinum-platinum-rhodium thermocouple. 

a powerful e l e c t r o n i c  s t a b i l i z e r  enabled us t o  keep t h e  temperature con- 

W e  have chosen a version involving a movable electric furnace 

The furnace w a s  moved by means of an e l e c t r i c  

Figure 1 shows t h e  pos i t i on  of t h e  container 3 

The speed with which t h e  furnace w a s  displaced w a s  0.5 - 1 =/hour. 

The us.e of 

d i t i o n s  constant during t h e  

accuracy of 5 5 O C .  CdS and 

e n t i r e  growing cycle (% 100 hours) with an 

CdSe c r y s t a l s  w e r e  grown from luminophorous 

2 



Figure 1 

Diagram of t h e  Experimental Apparatus f o r  Growing 
Large Single CdS Crys ta l s  

1 - Movable electric furnace; 2 - V i a l ;  3 - Quartz 
container;  4 - Muffler; 5 - Working substance (CdS); 
6 - CdS s i n g l e  c rys t a l .  

powder which had been previously t r ea t ed  by various methods. The s t a r t i n g  

of t h e  apparatus and the  operational regime w e r e  analogous t o  those de- 

s c r ibed  i n  (Ref. 2). The i n i t i a l  runs w e r e  conducted i n  an  atmosphere 

of n i t rogen;  argon, however, turned out  t o  be more favorable.  

Figure 2a shows t h e  s i n g l e  CdS and CdSe c r y s t a l s  obtained by t h e  

authors. From such s i n g l e  c r y s t a l s ,  samples w e r e  prepared f o r  studying 

t h e i r  s t r u c t u r a l  p e c u l i a r i t i e s  and t h e  H a l l  e f f e c t ;  t h e  o r i en ta t ion  

relative t o  t h e  c rys ta l lographic  planes was  taken i n t o  account. Figure 

2b shows a s i n g l e  c r y s t a l  with a n a t u r a l  f ace  ("freely grown"). Such 

s i n g l e  c r y s t a l s  w e r e  obtained by means of t h e  described apparatus, but 

without displacing t h e  furnace with respect t o  t h e  container. 

3 
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Figure 2 

a - Single CdS and CdSe Crystals; b - "Freely Grown" 
Single CdS Crystal  (Scale 1:l) 

Inves t ipa t ion  of Defects i n  t h e  C r y s t a l  S t ruc ture  /172 

A grea t  number of s t u d i e s  have been made on t h i n  s i n g l e  CdS c r y s t a l s  

obtained by t h e  method of Frer ichs  (Ref. 3). 

t i o n s  have been s u f f i c i e n t l y  explored by var ious  authors using t h e  method 

of s e l e c t i v e  etching (Ref. 4 ) ,  X-Ray d i f f r a c t i o n  microscopy (Ref. 5, 6 ) ,  

transmission e l ec t ron  and microscopic methods (Ref. 7 ) .  These s t u d i e s  

Their s t r u c t u r a l  imperfec- 

have shown t h a t  t he  obtained c rys t a l s  contain d i s loca t ions ,  whose concen- 

t r a t i o n  w a s  d i f f e r e n t  for d i f f e ren t  samples ( lo2  - l o 3  

d e f e c t s ,  de fec t s  r e s u l t i n g  from the segregation of t h e  admixtures, and 

a l s o  defec ts  due t o  deviations from stoichiometry. 

packing 

W e  performed X-Ray s tud ie s  of both "zonal" and " f ree ly  grown" s i n g l e  

c r y s t a l s  of a p r i s m a t i c  form with a n a t u r a l  face. I n  order t o  r evea l  

4 



Figure 3 

Etching Figures on a Plane (0001) i n  CdS (Etching i n  a 
Solution of 60 g CdC12 + 100 m l  H c l  during 20 sec ) ,  x 600 

s t r u c t u r a l  de fec t s ,  t h e  e f f e c t  of t he  anomalous passage of X-Rays through 

t h e  c r y s t a l s  (Ref. 8) and t h e  etching method w e r e  inves t iga ted .  The /173 

samples w e r e  ground i n  t h e  d i r ec t ion  p a r a l l e l  t o  t h e  cleavage plane,  

which coincides with t h e  c rys ta l lographic  planes ( l l m )  o r  (lo=), t h e i r  

thickness being 150-200 microns. 

I n  a b o i l i n g  etching agent (1  p a r t  by weight of K J  + 1 p a r t  by 

weight of CgH&*H20) t h e  samples w e r e  etched, reaching thicknesses 

which corresponded t o  t h e  value Ugt = 5 - 8, where ~0 i s  the  l i n e a r  index 

of r e f r a c t i o n  of X-Rays, and t i s  the thickness of a c rys t a l .  

w a s  conducted using X-Ray equipment URS-501 ( rad ioac t ive  C u K a ) .  

The work 

A s  the monochromator, a germanium s i n g l e  c r y s t a l  w a s  used, which 

w a s  cu t  i n  the  d i r e c t i o n  p a r a l l e l  t o  t h e  c rys ta l lographic  plane (111). 

I n  t h e  case of s i n g l e  c r y s t a l s  with large thicknesses,  a continuous 

5 



Figure 4 

Microroentgenogram of CdS. 
D i f f r ac t ion  plane (0001). x32. 

r a d i a t i o n  w a s  a l s o  used. 

The genera l  scheme of t he  experiment i s  similar t o  t h a t  described 

i n  (Ref. 8 ) .  

f i d e  type. 

A l l  c r y s t a l s  studied by us had a latt ice of t h e  z inc  sul-  

The d i s loca t ion  thickness f o r  various samples of s i n g l e  c r y s t a l s ,  

obtained by t h e  zone sublimation method, w a s  l o 4  - l o 5  ane2. 

The d i s loca t ion  dens i ty  f o r  " f ree ly  grown" s i n g l e  c r y s t a l s  w a s  a 

l i t t l e  smaller ( f o r  c e r t a i n  samples only l o 2  - l o 3  cm-2). 

microphotographs (Figure 3 ) ,  i n  addition t o  etching c a v i t i e s  with vor- 

t ices,  one can see plane-bottom cav i t i e s  which are c h a r a c t e r i s t i c  of t h e  

accumulation of admixture atoms, o r  of excess atoms o r  vacancies. 

On t h e  

The half-width of t he  o s c i l l a t i o n  curves, measured by means of a 

For a considerable f r a c t i o n  of double-crystal  spectrometer, w a s  30". 
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Figure 5 

Microroentgenogram of a "Freely Grown" CdS Single Crys ta l ,  x32. 
a - Dif f r ac t ion  Plane (llziT> ; b - Dif f r ac t ion  Plane ( l o a ) .  

t hese  c r y s t a l s ,  during the  inves t iga t ion  of t h e  anomalies i n  t h e  trans- 

mission of l i g h t ,  t he  obtained re f lexes  R ( the  d i f f r a c t e d  beam) w e r e  more 

in t ense  than T ( t ransmi t ted  beam). This i nd ica t e s  t h e  presence of micro- 

stresses i n  t h e  c r y s t a l s  which, ce r t a in ly ,  are the  result of t h e  growing 

process. 

For a g rea t  number of c rys t a l s  of both types,  t h e i r  microroentgenogram 

shows a c h a r a c t e r i s t i c  cel l  s t ruc tu re  (Figure 4 )  which veils t h e  p i c t u r e  

of t h e  d i s loca t ion  d i s t r i b u t i o n .  

Consecutive washing etching of a crystal t o  an approximate depth of 

20 microns d id  not lead t o  a change i n  t h e  charac te r  of t h e  obtained 

d i f f r a c t i o n  pa t te rn .  

The ce l l  charac te r  of t h e  s t ruc tu re  is  c h a r a c t e r i s t i c  of spec ia l ly  
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alloyed G a  and I n  crystals i n  t h e  growing process, as w e l l  as t h e  un- /174 

alloyed c r y s t a l s ,  bu t  with changed stoichiometry and oxygen admixtures. 

This circumstance, and s l s o  the  f a c t  t h a t  t h e  p i c t u r e  con t r a s t  on 

t h e  microphotographs does not change when t h e  r e f l e c t i o n  plane i s  var ied ,  

allow us t o  draw t h e  following conclusion. 

we see on the microphotographs, are most l i k e l y  r e l a t e d  t o  t h e  segrega- 

t i o n  of t h e  excess atoms (with respect t o  stoichiometry),  o r  of o ther  

admixtures, which create l o c a l  stresses i n  t h e  region. These f a c t s  

in f luence  t h e  i n t e n s i t y  of t h e  d i f f r a c t e d  X-Ray beam. 

The la t t ice  defec ts ,  which 

Among t h e  t e n  c r y s t a l s ,  which w e r e  s tud ied  by t h e  authors, w e  dis- 

covered one of a number of " f ree ly  grown'' crystals which w a s  devoid of 

t h e  c h a r a c t e r i s t i c  t rait  of t h e  others -- namely, t h e  ce l l  s t ruc tu re .  

I n  t h i s  c r y s t a l  w e  discovered defec ts  which are normal f o r  CdS c rys t a l s :  

d i s loca t ions ,  concentrations of admixtures (Figure 5, a and b ) ,  which 

are observed i n  CdS c r y s t a l s  obtained by o the r  methods (Ref. 5). 

Certain Electrophysical Properties of CdS Single Crys ta l s  I175 

In order t o  inves t iga t e  t h e  e lec t rophys ica l  p roper t ies  of CdS c r y s t a l s ,  

samples w e r e  c u t  of f  from a l a rge  s i n g l e  c r y s t a l  i n  t h e  d i r e c t i o n  p a r a l l e l  

t o  t h e  C axis, and ground t o  t h e  form of parallel-pipeds of dimensions 

4 x 3 x 1 m3, with  t h e  l a r g e s t  dimension along t h e  d i r ec t ion  of t h e  

hexagonal axis. 

t h e  same way as f o r  X-Ray s t r u c t u r a l  analyses. 

The treatment of t h e  crystal sur faces  was  conducted in 

The authors s tud ied  a number of e lec t rophys ica l  c h a r a c t e r i s t i c s  of 

s i n g l e  c r y s t a l s  with deposited indium contacts.  
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Figure 6 

Spectral Distribution of Photosensitivity 
(1) - millimicron 

Dark resistance. During the measurement of a specific resistance, 

a constant voltage of several to 40 volts was applied to the sample. 

The samples were kept in darkness at room temperature for 20 - 24 hours. 

The dark resistances of the samples, prepared from different single crys- 

tals, differed by several orders of magnitude, and those of the samples 

prepared from the same single crystal differed by several times. 

specific resistance of the samples prepared from different single 

crystals varied from 7-109 to 1013 ohm-cm. 

The 

Photosensitivity. The photosensitivity of the samples was measured 

at a constant applied voltage of 12.5 volts, and the illumination was 

200 lux. 

As in the previous case, the photosensitivities of the samples 

prepared from one single crystal differed slightly, whereas those of 

the samples prepared from different single crystals differed by several 

orders of magnitude. The photosensitivity of better samples amounted to 

9 
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I .  

, 

I 

2.10-6 a/volt-lux. 

Spectral distribution of photosensitivity. 

distribution of the photosensitivity (Figure 6, curves 1 and 2 shown 

for different energies), we can draw the conclusion that the investi- 

gated CdS single crystals differ strongly in their purities. 

maximum of the photoconductivity of 

the 514-520 millimicrons range. 

large concentration of admixtures, in addition to the principal maximum, 

there is a broad admixture maximum in the 560 - 570 millimicrons region 
(Figure 6, curve 2).  

is 850 millimicrons. 

Based on the spectral 

The main 

CdS single crystals is located in 

In the case of single crystals with a 

The red boundary of the admixture photoconductivity 

Thermostimulated conductivity. The curves of the thermostimulated 

conductivity have a similar appearance for CdS (Ref. 9, 10) and enable us 

to find the depth of the region of the capture levels. 

showed the presence of capture levelsat the depth of 0.13 - 0.16 eV and 
0.42 - 0.46 eV for conductivity zones. The concentration of the capture 

levels calculated from the area under the curve of the thermostimulated 

conductivity (taking into consideration the temperature dependence of 

the lifetime T and of the electron mobility) amounted to 8*1013 - 3*1015c~-3. 

Calculations 

Conclusions /176 

One characteristic trait of CdS single crystals, grown by the zone 

sublimation method, is the presence of a region of disruptions which 

may represent the aggregate of excess or admixture atoms. 

The half-width of the oscillation curves, the relatively large 

10 
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d is loca t ion  densi ty ,  and a l so  the  presence of l a r g e  d is rupt ion  regions 

f o s t e r  t he  conclusion t h a t  these c rys t a l s  a r e  not  per fec t  enough, as 

f a r  as t h e i r  s t r u c t u r e  is concerned. However, t h e  s ing le  c r y s t a l s  

s tudied by t h e  authors have b e t t e r  s t r u c t u r a l  traits and e lec t rophys ica l  

p roper t ies  than those described i n  (Ref. 1). 
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